The failure to reject the semiallogenic fetus by maternal T lymphocytes suggests that potent mechanisms regulate these cells. PDCD1 is a CD28 family receptor expressed by T cells, and its ligand CD274 is strongly expressed by trophoblast cells of the human placenta. In this study, we examined whether human maternal T cells express PDCD1. Immunofluorescence examination of uterine tissues revealed PDCD1 expression on CD3 þ cells was low in nonpregnant endometrium but increased in first-trimester decidua and remained elevated in term decidua (P , 0.05). In addition, higher relative proportions of term decidual CD8 bright , CD4 þ , and regulatory T cells expressed PDCD1 in comparison to autologous peripheral blood (P , 0.05). Term decidual T cells also expressed full-length and soluble PDCD1 mRNA isoforms more abundantly than their peripheral blood counterparts (P 0.05). We also examined the effects of PDCD1:CD274 interactions in decidual T cells. Jar choriocarcinoma cells were transfected with CD274 and cocultured with activated decidual CD4 þ or CD8 bright T cells for 72 h followed by analysis of cytokine concentration and decidual T cell apoptosis. Compared with empty vectortransfected cells, CD274-transfected Jar cells caused a significant suppression of interferon gamma and tumor necrosis factor alpha production by CD4 þ (P , 0.05) but not CD8 bright T cells, while having no effect on secretion of IL10 or T cell apoptosis. These results suggest that the PDCD1:CD274 pathway functions in modification of maternal decidual lymphocyte cytokine secretion during pregnancy.
INTRODUCTION
The fetus expresses both maternal and paternal genes, and is therefore partially foreign, or semiallogenic, in relation to the mother's immune system. Because a central feature of the immune system is to discriminate between self and nonself tissues, it is paradoxical that the semiallogenic fetus develops in the mother without normally being rejected by her leukocytes. Maternal T cells are among the immune cell populations at the maternal-fetal interface, constituting 15%-30% of decidual leukocytes in first trimester [1] [2] [3] , and remain in proximity to the placenta until term [4, 5] . Because their presence in the decidua puts them in contact with the semiallogenic trophoblast cells throughout gestation, it has been thought that maternal T cell activity, including cytokine production, is modulated in order to maintain normal pregnancy.
Because cytokines can cause either harmful or beneficial outcomes in pregnancy, their production needs to be carefully controlled. For example, an overproduction of interferon c (IFNG) and tumor necrosis factor a (TNFA) may be associated with recurrent spontaneous abortions in humans and fetal loss in mice [6] [7] [8] . However, these cytokines are also found in normal decidual and placental tissues, and accumulating evidence suggests physiological roles for these factors in regulating trophoblast invasion, spiral artery modification, and placental morphogenesis [9] [10] [11] .
Although decidual natural killer cells contribute significantly to the cytokine environment at the maternal-fetal interface [11] , cytokine production by decidual T cells may also be involved in the normal functions of pregnancy [10] . However, because of the potential for T cells to mediate allograft rejection [12] , activation and cytokine production by these cells are likely to be held in check to ensure a favorable balance between physiological function and pathological consequences. One mechanism by which decidual T cells might be controlled is through the CD28 family of immune cell receptors. These cell surface proteins transduce either positive or negative signals following ligation of their B7-family ligands. One of these receptors, programmed cell death-1 (PDCD1, also called PD-1) is induced on activated lymphocytes and has been shown to negatively regulate T cells in vitro through its ligand, CD274 (also called B7-H1 or PD-L1) [13] [14] [15] [16] [17] . In addition, in vivo studies have demonstrated that targeted mutation or blockade of PDCD1 results in development of spontaneous tissue-specific autoimmune disease or T cell cytotoxicity against ectopically expressed tissue antigens in vivo [18] [19] [20] [21] . In addition, this inhibitory receptor promotes allograft acceptance [22] [23] [24] [25] . PDCD1 thus appears to have a key role in maintaining not only immunological self-tolerance to peripheral tissues, but also tolerance to foreign grafts. Interestingly, five alternatively spliced isoforms of the PDCD1 mRNA transcript have recently been identified [26] , including an isoform (PDCD1 D Ex3) that lacks a transmembrane domain while retaining an intact CD274-binding domain, suggesting that it is a secreted but inactive form of PDCD1. Soluble PDCD1 has been detected in the synovial fluid and plasma of patients with rheumatoid arthritis and may act as a decoy receptor to prevent CD274:PDCD1-mediated T cell inhibition [27] .
Trophoblast cells, including those invading the gravid uterus and those exposed to maternal blood, abundantly and constitutively express the CD274 protein throughout pregnancy [28, 29] . In addition, CD274 has been suggested to be necessary for the survival of semiallogenic fetuses in murine pregnancy [30] . The role of PDCD1 on T cells in peripheral tolerance and allograft acceptance, together with the abundance of CD274 at the maternal-fetal interface suggest an important function for this receptor:ligand complex in the immunological maintenance of pregnancy in women. The goal of this study was to examine the expression of the PDCD1 receptor and its soluble isoforms on T cells at the human maternal-fetal interface. In addition, we examined the effect of the PDCD1:CD274 interactions on maternal T cell subpopulations during pregnancy.
MATERIALS AND METHODS

Tissue Collection
All tissue samples were collected in accordance with human subjects protocols approved by the University of Kansas Medical Center Institutional Research Board (HSC no. 3037). Archival midsecretory phase (n ¼ 1) and late secretory phase (n ¼ 5) endometrial tissues were obtained from the University of Kansas Medical Center tissue bank and staged by a board-certified pathologist. Late secretory phase endometrial samples were identified by predecidual changes and variable apical vacuolation of glandular epithelium, characteristic of the time at which implantation occurs. Samples were collected from premenopausal women ages 24-49 years undergoing surgery for reasons other than uterine pathology; patients were negative for birth control or replacement hormone therapies at the time of biopsy, although intrauterine device status was unknown. First-trimester tissues, including decidua from voluntary pregnancy terminations and peripheral blood, were collected from patients at 6-11 wk of gestation. First-trimester decidual samples were also collected from the Tissue Collection Core (HD049480) at the University of Chicago. Four of seven first-trimester decidual samples contained decidua basalis and extravillous trophoblast cells. Normal autologous term decidua and peripheral blood were obtained on the day of elective or repeat cesarean delivery. Tissue collected for histology was either snap frozen in liquid nitrogen and subsequently fixed in 4% paraformaldehyde for 20 min after sectioning, or was prefixed for 4 h in 4% paraformaldehyde and soaked in 18% sucrose for 18-24 h prior to freezing. In addition, blood and decidual tissue were processed for lymphocyte isolation as described below.
Immunofluorescence
Ten-micrometer-thick tissue sections were cut on a cryostat and placed in duplicate onto lysine-coated slides. After blocking of nonspecific antibodybinding sites in 2% rabbit serum, 50% SuperBlock (Pierce, Rockford, IL), and 0.2% Triton X-100 (Fisher Scientific, Pittsburgh, PA), tissue sections were incubated with an anti-PDCD1 antibody (10 lg/ml; clone J116; eBioscience, San Diego, CA) or its isotype control (mouse IgG1j; BD Pharmingen, San Jose, CA) overnight at 48C, followed by incubation with Alexa 568-conjugated rabbit anti-mouse secondary antibody (Invitrogen, Carlsbad, CA) for 1 h at room temperature. Tissues were then incubated with CD3-fluorescein isothiocyanate (FITC; 10 lg/ml; clone UCHT-1; BD Pharmingen) or its isotype (mouse IgG1j-FITC; eBioscience) at 378C for 1 h. Absence of binding of the secondary antibody to anti-CD3 was confirmed by omission of the PD-1 primary antibody. Slides were coverslipped with Prolong Gold (Invitrogen) and cured overnight before imaging. Immunofluorescence was visualized on a Nikon 90i upright microscope via mercury fluorescent excitation then confirmed via confocal scanning (Nikon C1 series confocal scan head; Nikon, Melville, NY). Lasers used for emission detection were a 488 Multiline Argon (green IR) and 561 Diode laser (red IR), acquisition via the Nikon EZ-C1 series software (3.60). For quantification of single-and double-positive cells, images were captured from 10 randomly chosen, nonoverlapping viewing fields (403 objective) for each tissue. Double-positive cells were confirmed by comparison of single-color scans for each image. Samples from six (secretory endometrium) or seven (all other tissues) different patients were examined for each tissue group.
Isolation of Decidual and Peripheral Blood Mononuclear Cells
Term decidua was obtained by either peeling the fused decidua capsularis/ parietalis (decidua) and chorion from the amnion for flow cytometric studies or by scraping the decidua from the chorion for mRNA and in vitro cocultures. Decidual tissues were then dissociated using 200 U/ml type IV collagenase, 1 mg/ml type 1-S hyaluronidase, and 150 lg/ml type IV DNAse in a shaking 378C water bath [31] . All enzymes were purchased from Sigma-Aldrich. Both first-trimester and term cell suspensions were layered over Histopaque (SigmaAldrich) and centrifuged. The mononuclear cell fraction was collected and counted to assess cell viability and yield. For mRNA analysis and in vitro assays, the mononuclear cell fraction was collected and plated for 2-3 h at 378C to allow adherence of nonlymphocytes. For preparation of term autologous peripheral blood lymphocytes, samples were diluted in PBS, layered over Histopaque, collected, and counted to assess cell viability and yield.
Flow Cytometry
Dispersed decidual lymphocytes, chorionic trophoblast cells, and peripheral blood lymphocytes were labeled for specific markers using the following antihuman antibodies from eBioscience: CD4-FITC (clone RPA-T4), CD8-phycoerythrin (PE; clone RPA-T8), CD25-allophycocyanin (APC; clone BC96), FoxP3-PE (clone PCH101), PDCD1-biotin (clone J116), and CD274-biotin (clone M1H1). Biotinylated antibodies were detected using a conjugate of PE-Cy5 bound to streptavidin (BD Pharmingen). Fluorophore-conjugated mouse IgG1 isotype controls were used for CD4, CD8, and CD25; PEconjugated rat IgG-2a control was used for FoxP3 (eBioscience). A minimum of 20 000 lymphocytes were gated based on forward and side scatter characteristics as well as T cell subpopulation marker expression, and data were collected for each desired population. Samples were processed on a BD LSRII instrument and analyzed using FACS Diva software (BD Pharmingen).
Fluorescence-Activated Cell Sorting
Peripheral blood mononuclear cells and nonadherent decidual mononuclear cells were labeled for specific markers using the following anti-human antibodies from eBioscience: anti-CD3 allophycocyanin (clone UCHT-1), anti-CD4-FITC (clone RPA-T4), anti-CD8-PE (clone RPA-T8). Lymphocytes were sorted into CD3 þ /CD4 þ or CD3 þ /CD8 bright populations using a BD FACS Aria using FACS DIVA software (Becton Dickinson). Cell population purity for five samples was analyzed after sorting and was an average of 96.0% 6 1.22% for CD3 þ /CD4 þ cells and 97.2% 6 0.61% for CD3 þ /CD8 bright cells.
Isolation, Reverse Transcription, and PCR Analysis of RNA
After sorting of specific T cell subpopulations, total cellular RNA was isolated from each group of cells using Trizol (Invitrogen) according to the manufacturer's instructions. Following quantification by spectrophotometry, 1 lg RNA was reverse transcribed using MMLV reverse transcriptase and oligo-dT primers (Invitrogen) in a 40-ll reaction volume. RNA was also added to a reaction without MMLV reverse transcriptase as a control to ensure the absence of genomic DNA amplification. Polymerase chain reaction amplification of cDNA products was performed using Taq DNA polymerase (Invitrogen) in conjunction with primers ( f o r w a r d :
, which correspond to positions 125-143 and 793-811 of the PDCD1 mRNA transcript, respectively (GenBank accession no. NM-005018) [26] . Polymerase chain reaction products (20 ll) were subjected to electrophoresis on a 2% 3:1 agarose gel (Amresco, Solon, OH) and were visualized using ethidium bromide (Sigma-Aldrich) to examine product size. Following visualization, products were excised and sequenced to confirm identity.
Real-Time PCR
The following PDCD1 isoform-specific primers were used: full-length PDCD1 (forward: [26] . The b-actin (ACTB) primers were purchased from Applied Biosystems (Foster City, CA). These primers were used along with Power SYBR Green PCR Master Mix (Applied Biosystems) and 1 ll reversetranscribed RNA. As a negative control, 1 ll water was substituted for cDNA. Reactions were run for 40 cycles in an ABI Prism 7900 Sequence Detection System (Applied Biosystems). Threshold cycle (C t ) values were obtained for each reaction and compared to those of a standard curve generated from decidual T cell cDNA to determine the relative abundance of the amplified product. All values were normalized to relative abundance values of ACTB products. The identity of PDCD1 isoform products was confirmed by sequence analysis.
Jar Cell Transfectants
The full-length coding sequence for CD274 [32] was subcloned into a pcDNA3.1 expression vector (Invitrogen) containing a neomycin resistance cassette. Expression vectors with or without coding sequences were then stably transfected into Jar choriocarcinoma cells, which lack endogenous CD274 expression [29] . Jar/V (vector only) and Jar/B7 (CD274 expressing) cell lines were maintained under selective pressure 300 lg/ml neomycin in RPMI containing 10% fetal bovine serum and antibiotics. To ensure consistency of the presence (Jar/B7) and absence (Jar/V) of CD274 expression, both cell lines were routinely evaluated by flow cytometry using a PE-conjugated anti-CD274 antibody (clone MIH1) and PE-conjugated Mouse IgG1j isotype control (eBioscience).
Trophoblast/Lympocyte Coculture
Transfected Jar cells were irradiated (2000 rad) and plated overnight in neomycin-containing selective medium at a density of 5000 cells/well in a 48-well tissue culture plate. The following day, Jar cells were washed with fresh culture media to remove neomycin from the culture wells, and sorted CD4 þ or CD8 bright decidual T cells were plated at a density of 275 000 cells/well in 500 ll culture media containing 3 lg/ml phytohemagglutinin (Sigma-Aldrich). 
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Cocultures were placed at 378C for 72 h, after which cell culture supernatants were collected and stored at À808C. To evaluate the effect of CD274 on cell proliferation in separate cocultures, sorted decidual T cells were labeled with 5 lM of carboxyfluorescein succinimidyl ester (CFSE; Invitrogen) according to the manufacturer's instructions and then placed into culture with transfected Jar cells as described above.
Analysis of Cytokine Production
Analysis of IFNG, TNFA, interleukin 2 (IL2), and IL10 concentrations in cell culture supernatants was performed using a multiplex Beadlyte Human
, and data were analyzed using Luminex IS software version 2.3 (Upstate).
Evaluation of Apoptosis and Proliferation
In experiments evaluating apoptosis or cell proliferation after the 72-h coculture, decidual T cells in the supernatant were collected and labeled with APC-conjugated anti-human CD3 antibody (eBioscience), and LIVE/DEAD Fixable Violet Dead Cell Stain Kit (Invitrogen). For samples to be analyzed for apoptosis, cells were also stained with PE-conjugated annexin V (BD Pharmingen). All samples were processed on a BD LSRII instrument and analyzed using FACS Diva software (BD Pharmingen). For apoptosis evaluation, CD3
þ cells with a violet bright and annexin-positive phenotype were designated as apoptotic. In separate experiments, cell proliferation was quantified by evaluating the CFSE profiles of CD3 þ cells.
Statistics
Statistical significance was determined using either a one-way analysis of variance (ANOVA) with a Student-Newman-Keul posthoc analysis (cell counts from immunohistochemistry) or two-way ANOVA with either a Fisher LSD (flow cytometry) or Tukey posthoc analysis (semiquantitative real-time PCR, multiplex cytokine analysis). Differences were considered significant at a ¼ 0.05.
RESULTS
PDCD1 Is Expressed on Decidual T Cells Throughout Pregnancy
Because of the high level of CD274 expression on human fetal trophoblast cells, we examined whether CD3 þ T cells at the maternal-fetal interface express its cognate receptor, 
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PDCD1. Using double immunofluorescence histochemistry, we examined both PDCD1 and CD3 expression in normal secretory phase endometrium (n ¼ 6), first-trimester decidua, and term extraplacental membranes and basal plate (n ¼ 7 per group; Fig. 1 ). Cells staining for one or both markers were enumerated (Fig. 2) . In agreement with other observations [1] [2] [3] [4] [5] , CD3
þ cells were present in secretory phase endometrium as well as first-trimester and term decidua (Fig. 1, A-E) . Although the number of CD3 þ T cells per image varied, the overall number of CD3 þ cells counted did not differ significantly between tissue groups (P ¼ 0.849).
When examining PDCD1 expression, we next observed that .96% of all PDCD1 þ cells were also CD3 þ (Fig. 1) , suggesting that the majority of the PDCD1-expressing cells were T cells. Although signal intensity for both CD3 and PDCD1 varied within individual sections of all tissues, no consistent pattern was noted. Quantitation of these cells revealed that the percentage of CD3 þ cells expressing PDCD1
was low in nonpregnant secretory endometrium (Figs. 1A and  2 ), but increased significantly in first-trimester decidua (Figs. 1B and 2), with no apparent difference between first-trimester decidua parietalis and basalis (data not shown). The abundance of PDCD1 þ CD3 þ cells remained elevated in late gestation (Figs. 1, C-E, and 2 ) and was significantly higher in term decidua associated with fetal membranes compared with firsttrimester decidua (Fig. 2) . We also examined PDCD1 expression on peripheral blood T cells from patients in first trimester (n ¼ 4) and term pregnancy (n ¼ 8) by flow cytometry; the proportion of PDCD1 þ T cells was low in both groups and did not differ among CD4
þ , CD8 þ , and T Reg subpopulations (P . 0.05; Fig. 3 and data not shown) . In summary, these data suggest that PDCD1 expression is induced on T cells that localize to the decidua during pregnancy.
PDCD1 Expression on T Cell Subpopulations During Pregnancy
We further examined the distribution of PDCD1 on T cells in peripheral blood and decidual samples from the same patients at term pregnancy. Figure 3 shows the flow cytometric analysis of CD8 bright (n ¼ 6), CD4 þ (n ¼ 8), and CD4/CD25/ FoxP3 þ (T Reg ; n ¼ 8) lymphocyte populations in peripheral blood just before normal term cesarean delivery and autologous term decidual tissue collected after delivery. Each of these populations was easily identifiable in both peripheral blood and decidua. As expected [33] , T Reg were more abundant in decidual tissue than in peripheral blood (6.65% vs. 0.64%, respectively; P ¼ 0.007). Further analysis by flow cytometry consistently revealed that cell surface-associated PDCD1 was higher on decidual T cells than on peripheral blood T cells from the same patient; this was true for each of the three populations examined (Fig. 3, A-C) . Figure 3D shows the combined data for all patients, and statistical analysis revealed that differences in percentages of PDCD1-expressing T cells between decidua and blood were highly significant.
To confirm the specificity of our findings of PDCD1 expression on T cells, we stained decidual and peripheral blood samples with antibodies against CD3, CD4, CD8, and a second clone of an anti-PDCD1 antibody (clone MIH4; eBioscience). Through flow cytometric analysis, we observed a similar preferential expression of PDCD1 in decidual CD3 þ /CD4 þ and CD3 þ /CD8 bright T cell populations compared with peripheral blood (n ¼ 2, data not shown). Also, to verify that decidual cell populations examined were resident within the decidua, we routinely labeled cells with an anti-human CD19 antibody (clone HIB19; eBioscience) using peripheral blood as a positive control. As expected [2] , purified decidual lymphocytes completely   FIG. 4 . Reverse transcription-polymerase chain reaction analysis of PDCD1 mRNA isoforms in autologous term peripheral blood and decidual T cells. A) Agarose gel analysis of RT-PCR using PDCD1-and ACTB-specific primers. ACTB is 171 bp. PB, Peripheral blood; Dec, decidua. B) Graphs represent semiquantatitive real-time PCR analysis of cDNA (n ¼ 5 patients) using PDCD1 mRNA isoform-specific primers. Samples were normalized to ACTB expression. Error bars indicate SEM. 
lacked CD19
þ B cells, confirming little or no peripheral blood contamination of decidual tissues (data not shown).
PDCD1 mRNA Isoforms Are Preferentially Expressed in Decidual T Cell Subpopulations
Because these data revealed that decidual T cells express the PDCD1 surface protein (Figs. 1-3) , we next examined whether these cells express alternatively spliced PDCD1 mRNA isoforms. Conventional RT-PCR analysis followed by gel electrophoresis of mRNA from peripheral blood and decidual CD4 þ or CD8 þ T cell subpopulations showed two amplicons in both types of sample. Sequence analysis identified these products as the full-length (FL PDCD1) and soluble (PDCD1D Ex 3) isoforms of the PDCD1 mRNA transcript (Fig. 4A) . In separate experiments using semiquantitative real-time PCR and isoform-specific primers, we found that the full-length PDCD1 mRNA transcript was more abundantly expressed in decidual T cells compared with autologous peripheral blood T cells at term pregnancy (n ¼ 5; Fig. 4B ). This was true of both CD4 þ and CD8 bright T cell subpopulations, and was consistent with our observations for PDCD1 surface expression in decidual T lymphocytes (Fig. 3) . The D Ex3 PDCD1 isoform was also expressed more abundantly in decidual CD4 þ and CD8 bright T cells. Three other PDCD1 mRNA isoforms were detectable by real-time PCR in both peripheral blood and decidual lymphocytes, and although the sequence of each isoform was verified [26] , the abundance of all transcripts was too low to confidently assess quantity (data not shown).
Effects of CD274 on Term Decidual T Cells
Because CD274 is abundantly expressed on placental trophoblast cells [28, 29] and PDCD1 is preferentially expressed by decidual T cells at term pregnancy (Figs. 2-4) , we examined the effects of CD274-expressing cells on term decidual T lymphocyte apoptosis, proliferation, and cytokine production. We established a coculture system with CD274-transfected Jar choriocarcinoma cells and decidual CD4 þ and CD8 bright T cells. CD274 expression was routinely monitored on control transfected (Jar/V) or CD274 transfected (Jar/B7) cells by flow cytometry and found to be highly expressed on the surface of Jar/B7 cells, as it is on primary chorionic trophoblast cells (n ¼ 5; Fig. 5A ) [29] .
When evaluating the influence of CD274 on decidual T cell death, Jar/B7 cocultures, when compared with Jar/V, did not increase the percentage of either CD4 þ or CD8 bright T cells undergoing apoptosis (n ¼ 6; Fig. 5B ). Further, there was no apparent effect of Jar/B7 on decidual T cell proliferation as quantified by CFSE analysis (n ¼ 2, data not shown). On the other hand, examination of cytokine production revealed that secretion of IFNG and IL10 by CD4 þ and CD8 þ decidual T cells was increased in the presence of Jar/V (n ¼ 6; Fig. 6 ). CD274-transfected Jar cells reduced IFNG and TNFA secretion by CD4
þ T lymphocytes in comparison with vector-transfected cells, whereas it had no significant effect on the production of IL10 from these cells (Fig. 6 ). Jar/B7 cells did not significantly influence the secretion of any cytokines from CD8 þ T cells (Fig. 6 ). Interleukin 2 secretion was also evaluated, but its concentration was below detectable limits in all cocultures examined, suggesting that decidual T cells were not induced to secrete this cytokine under these conditions. Additionally, Jar/ V or Jar/B7 cells cultured without T cells did not secrete any detectable IFNG, TNFA, IL10, or IL2 (n ¼ 4, data not shown).
DISCUSSION
Through these studies we have identified a novel location and potential function of the CD28 family molecule, PDCD1, at the maternal-fetal interface. While we found PDCD1 to be expressed on a small percentage of T cells in the secretoryphase endometrium, there was a significant increase in the proportion of PDCD1 þ T cells in first-trimester and term decidua ( Figs. 1 and 2 ). This induction of PDCD1 expression was specific to the decidua, as autologous term pregnancy decidual samples contained significantly higher percentages of PDCD1 þ T cells than their peripheral blood counterparts (Fig.  3) . Indeed, peripheral blood samples from patients in both firsttrimester and term pregnancy contained low percentages of PDCD1 þ T cells (Fig. 3 and data not shown), similar to levels found in nonpregnant peripheral blood lymphocytes [34] . Taken together, these data suggest that pregnancy-specific factors induce the expression of this receptor preferentially at the maternal-fetal interface. Surface PDCD1 can be upregulated on T cells by antigen-specific stimulation [35] , thus exposure to fetal antigen may induce PDCD1 expression in decidual T cells during pregnancy. In addition, PDCD1 upregulation has been reported to occur under hormonal influence [36] ; regulation of decidual T cell expression of this FIG. 6 . Cytokine assay analysis of CD274-mediated effects of decidual T cell cytokine production. Graphs represent mean values of decidual T cell cytokine secretion from a minimum of five different patients. Error bars indicate SEM. PHA, phytohemagglutinin.
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receptor by elevated hormone levels in gestation is also possible.
The preferential expression of PDCD1 receptor by decidual T cells in both first-trimester and term pregnancy complements our previous studies in which we observed expression of the its ligand, CD274, on trophoblast cell populations throughout gestation and hypothesized that placental CD274 serves as a molecular shield against a possible maternal alloresponse to the fetus [28, 29] . The expression of PDCD1 on both decidual CD8 bright and CD4 þ T cells in first-trimester and term pregnancy samples supports the hypothesis that these cells could be targets for trophoblast CD274-mediated regulation during pregnancy. Indeed, in vitro and in vivo studies have shown CD274:PDCD1-mediated inhibition of allogeneic immune responses and amelioration of allograft rejection, including antifetal responses [15, 25, 30] .
Along with CD8 bright and CD4 þ T cells, PDCD1 was preferentially expressed on decidual T Reg (Fig. 3, C and D) . PDCD1 expression by T Reg has been previously documented [37] , and two recent studies have suggested that CD274 expression on parenchymal cells may induce differentiation of naïve CD4
þ T cells into T Reg outside of the thymus [38, 39] . T Reg are a significant population in the decidua, are associated with the success of human pregnancy, and are required for allogenic murine pregnancies [33, [40] [41] [42] [43] . While the function of PDCD1 on T Reg is unclear, its presence could be a reflection of their differentiation and raise the interesting possibility that trophoblast CD274 may induce naïve CD4 þ T cells to differentiate into T Reg in order to promote immune tolerance of the fetal allograft.
The preferential expression of PDCD1 by decidual CD4 þ and CD8 bright T cells was confirmed at the mRNA level, where the full-length PDCD1 transcript was upregulated in decidual T cells compared with peripheral blood. Interestingly, the PDCD1 D Ex3 transcript was also more abundantly expressed in decidual T cells (Fig. 4B) . Because the PDCD1 D Ex3 transcript encodes a soluble form of the receptor that may prevent T cell inhibition by acting as a decoy [27] , its upregulation by decidual T cells was somewhat unexpected. While expression of this isoform may be a safeguard against oversuppression of decidual T cells in order to maintain their physiological activity [10, 44] , it will be interesting to examine PDCD1 D Ex3 in pregnancy pathologies, such as recurrent spontaneous abortion, where endometrial/decidual T cells may be activated [45] [46] [47] .
In regard to the function of PDCD1 during pregnancy, we also examined whether its ligand, CD274, could alter cytokine secretion or apoptosis of decidual T cells as a potential means of modifying maternal immune activation [16, 48] . In coculture experiments, we observed that the Jar/V cells caused increased cytokine production in the decidual T cells (Fig. 6 ), which parallels a previous study showing that Jar cells can induce production of IL10 and TNFA in uterine natural killer cells [49] . We also observed that CD274 expression on Jar cells selectively inhibited secretion of IFNG and TNFA in CD4 þ but not CD8 bright decidual T cells (Fig. 6 ). CD4 þ T helper cells control activation of antigen-presenting cells and CD8 þ T cells through cytokine secretion, and therefore it may be particularly important to modify the cytokine repertoire of these cells in order to control maternal antifetal immune reactions. The lack of effect of CD274 on IL-10 production in either cell type (Fig.  6) suggests that CD274 is causing selective inhibition, rather than a global suppression, of decidual T cytokines. Consistent with this finding, CD274 also did not increase the percentage of T cells undergoing apoptosis (Fig. 5B) .
A balance of cytokine production appears to be critical in promoting pregnancy. For example, overproduction of IFNG and TNFA is associated with preterm labor and recurrent spontaneous abortions in humans as well as fetal rejection in mice [7, 8, 50] . On the other hand, the same cytokines may also control trophoblast invasion in early pregnancy and play a role in parturition at term [9, 10, [51] [52] [53] [54] . Anti-inflammatory cytokines also have a critical role at the maternal-fetal interface, as a reduction or absence of IL10 is associated with chronic human pregnancy failure and potentiation of inflammation-induced murine fetal loss [44, 55, 56] . The CD274:PDCD1 pathway may selectively modify decidual T cell cytokine secretion in order to maintain a proper immunological environment at certain times during pregnancy while still allowing for appropriate physiological functions throughout gestation.
In conclusion, these studies identify a novel location of the PDCD1 receptor at the maternal-fetal interface, highlight potential targets of CD274-mediated regulation, and demonstrate that the CD274:PDCD1 pathway is present and functional for modification of the maternal immune system during pregnancy.
